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Abstract

There are both pharmacodynamic and evolutionary reasons to use multiple rather than single antibiotics to treat bacterial
infections; in combination antibiotics can be more effective in killing target bacteria as well as in preventing the emergence
of resistance. Nevertheless, with few exceptions like tuberculosis, combination therapy is rarely used for bacterial infections.
One reason for this is a relative dearth of the pharmaco-, population- and evolutionary dynamic information needed for the
rational design of multi-drug treatment protocols. Here, we use in vitro pharmacodynamic experiments, mathematical
models and computer simulations to explore the relative efficacies of different two-drug regimens in clearing bacterial
infections and the conditions under which multi-drug therapy will prevent the ascent of resistance. We estimate the
parameters and explore the fit of Hill functions to compare the pharmacodynamics of antibiotics of four different classes
individually and in pairs during cidal experiments with pathogenic strains of Staphylococcus aureus and Escherichia coli. We
also consider the relative efficacy of these antibiotics and antibiotic pairs in reducing the level of phenotypically resistant
but genetically susceptible, persister, subpopulations. Our results provide compelling support for the proposition that the
nature and form of the interactions between drugs of different classes, synergy, antagonism, suppression and additivity, has
to be determined empirically and cannot be inferred from what is known about the pharmacodynamics or mode of action
of these drugs individually. Monte Carlo simulations of within-host treatment incorporating these pharmacodynamic results
and clinically relevant refuge subpopulations of bacteria indicate that: (i) the form of drug-drug interactions can profoundly
affect the rate at which infections are cleared, (ii) two-drug therapy can prevent treatment failure even when bacteria
resistant to single drugs are present at the onset of therapy, and (iii) this evolutionary virtue of two-drug therapy is manifest

even when the antibiotics suppress each other’s activity.

manuscript.

* E-mail: blevin@emory.edu

Citation: Ankomah P, Johnson PJT, Levin BR (2013) The Pharmaco -, Population and Evolutionary Dynamics of Multi-drug Therapy: Experiments with S. aureus
and E. coli and Computer Simulations. PLoS Pathog 9(4): e1003300. doi:10.1371/journal.ppat.1003300

Editor: Ralph R. Isberg, Tufts University School of Medicine, United States of America
Received December 17, 2012; Accepted February 25, 2013; Published April 4, 2013

Copyright: © 2013 Ankomah et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This work was supported by the National Institutes of Health (NIH GM098175 to BRL, www.nih.gov) and the Burroughs Wellcome Fund (Molecules to
Mankind Fellowship to PA, www.bwfund.org). The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the

Competing Interests: The authors have declared that no competing interests exist.

n Current address: Department of Biology, North Georgia College & State University, Dahlonega, Georgia, United States of America.

Introduction

The simultaneous use of multiple anti-microbial agents is
standard for the treatment of long-term infectious diseases like
tuberculosis and HIV/AIDS [1,2]. Multiple drugs are also used to
treat polymicrobial infections and in situations where the etiologic
agent of an infection is unknown at the start of therapy [3].
Increasingly, this “combination therapy” is being used for the
treatment of other chronic bacterial infections like endocarditis,
osteoarticular infections and osteomyelitis as well as sepsis [4-6].

The motivation for treating with multiple, rather than single
drugs, has both evolutionary and pharmacological components.
Theoretically, if multiple drugs with different modes of action are
used for treatment, bacteria resistant to each single drug, if
present, will remain susceptible to the other drugs. Hence, multi-
drug therapy would be less likely to be thwarted by the evolution of
resistance than monotherapy. This intuitively appealing evolu-
tionary reason for combination therapy is supported by evidence

PLOS Pathogens | www.plospathogens.org

[7-14] as well as logic. From a pharmacodynamics (PD)
perspective, there are at least two potential virtues for combination
therapy. The drugs can be synergistic in their action and provide
greater cidal activity than single drugs at comparable doses.
Combining drugs can also result in increased antimicrobial activity
without elevating single-drug concentrations to levels that engen-
der debilitating side effects. In some situations, the i vitro synergy
of multiple treating drugs is positively correlated with bactericidal
activity and clinical outcome [15-20] and, at the same time,
antagonistic interactions between drugs i wvitro can negatively
impact therapeutic success [21-23].

As appealing as the reasons for multi- rather than single drug
therapy may be, the clinical utility of combination therapy remains
equivocal for many infections [24]. One of the reasons for this is
the relative dearth of sufficient answers to a number of
fundamental questions. How does one know whether a specific
combination therapy regimen will be more or less effective than
monotherapy for a specific infection? How does one quantify the
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Author Summary

In this study, we combine pharmacodynamic experiments
using pathogenic strains of E. coli and S. aureus with
mathematical and computer simulation models to explore
the relative efficacies of two-drug antibiotic combinations
in clearing infections and preventing the emergence of
resistance. We develop a pharmacodynamic method that
provides a convenient way to determine whether drug
combinations will interact synergistically, antagonistically,
additively or suppressively. We find that it is not possible
to predict the nature and form of drug interactions based
on what is known about the mode of action of individual
drugs, thus illustrating the necessity of assessing the
efficacy of drug combinations empirically. Our simulations
of the within-host population and evolutionary dynamics
of bacteria undergoing multi-drug treatment indicate that
the form of the interaction between drugs observed
experimentally can substantially affect the rate of clear-
ance of the infection. On the other hand, the form of these
interactions plays a minimal role in the emergence of
resistance. Even when antibiotics are suppressive, two-
drug therapy can prevent the ascent of bacteria resistant
to single drugs that are present at the start of therapy and/
or generated during the course of the infection.

pharmacodynamics of multiple drugs? Are there generalizable
rules about how drugs of different classes interact? Under what
conditions will the collective activity of multiple drugs exceed their
individual activity? How do the pharmacological interactions
between drugs in combination affect the emergence of resistance
during the course of therapy?

Although these questions have been addressed in various ways,
at this juncture the answers obtained are restrictive. Checkerboard
titrations and time kill assays seem to be the most popular i vitro
methods to evaluate the form of interactions between antibiotics
(synergy, antagonism, suppression or additivity). The checker-
board assay generates a single parameter, the Fractional Inhibitory
Concentration (FIC) index as a measure of the efficacy of drug
combinations relative to their respective individual efficacies
measured by the Minimum Inhibitory Concentration, MIC [25].
Time-kill assays express the efficacy of drug combinations in terms
of the log-fold reduction in viable cell density generated by these
combinations relative to the most active single agent over an
arbitrary time period [26]. Neither of these measures of the
combined action of drugs provides information about the
functional relationship between the concentrations of these drugs
and the rate at which the target bacteria are killed [27]. The
dynamics of antibiotic-mediated killing by pairs of drugs with the
same FIC index and/or log-fold reductions in viable cells can
differ profoundly and these single parameter measures may not
provide an adequate picture of the cidal properties of drug
combinations for the design of antibiotic treatment regimens.
Another limitation of this single interaction parameter approach is
that it fails to account for the changes in the form of the interaction
with changing concentrations of the drug, pharmacokinetics [28-
31].

The relationship between the concentration of single bacteri-
cidal antibiotics and the rate of growth or death of bacteria during
the initial exposure can be fit to Hill functions [27,31], but at this
juncture it is unclear how these or other pharmacodynamic
functions can account for the complication of the interactions
between drugs. To our knowledge, there is no a priori way to
quantitatively predict how multiple drugs will interact from their
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single drug pharmacodynamics. Although there have been some
compelling analyses of the pharmacodynamics of multiple
antibiotics and bacteria, with few exceptions e.g. [31,32] these
have been restricted to low and often sub-MIC and thereby sub-
therapeutic concentrations of these drugs [33,34].

Finally, there is the phenomenon of persistence. Antibiotic-
mediated killing is a biphasic process: the rate of bactericidal
activity during i vitro time-kill experiments declines with time and
approaches zero. Depending on the drug employed, a substantial
fraction of genetically susceptible but phenotypically resistant
bacteria, the persisters, survive [35,36]. A comprehensive consid-
eration of the pharmacodynamics of combination therapy would
also provide information about how multiple drugs affect the level
of persistence. Bar two recent exceptions [37,38], all studies of
persistence of which we are aware have focused solely on single
drugs.

In this report we develop, illustrate and evaluate a procedure
that addresses these quantitative questions of the pharmaco- and
evolutionary dynamics of multi-drug antibiotic therapy. Using in
vitro experiments with Staphylococcus aureus and Escherichia coli, we
determine the functional relationship between the concentrations
of four antibiotics of different classes (singly and in pairs) and the
rate of growth/kill of these bacteria during the exponential phase
of their confrontations with these drugs. Using this method, we are
able to explore the pharmacodynamics of multiple drugs at supra-
as well as sub-MIC concentrations. We also evaluate the
relationship between cidal concentrations of these antibiotic
combinations and the density of persisters surviving exposure to
the drugs. To explore the potential clinical implications of the
experimental PD results, we employ a mathematical model of
multi-drug therapy that allows for the evolution of resistance to the
treating drugs. Using computer simulations with parameter values
in the ranges of those estimated from the experimental analyses,
we explore the effects of two-drug PD efficacy on the rate of
clearance of infections and the emergence of single- and multi-
drug resistance.

Results

Multi-drug pharmacodynamics in theory

We open this section with an a prioni consideration of the
pharmacodynamics of two drugs for qualitatively different forms of
interactions between these drugs. As our measure of the
concentrations for pairs of drugs, in theory and in practice, we
use a single variable xCU (xmultiples of “Cidal Units”), which is
calculated as the sum of equal multiples of the MICs of each single
drug. For example, if the MIC of drug A is 1 ug/mL and that of B
2 pg/mlL, for the pair, 2xCU is the combination of 1 ug/mkL of A
and 2.0 pg/mL B. Implicit in this measure is a null assumption of
Loewe’s additivity [39] which assumes that the magnitude of the
killing effect of additive multiple drugs is proportional to that
which would result from the sum of equipotent concentrations of
each drug separately. For instance, under this assumption, the
combination of 0.5xMIC each of two additive drugs, xCU =1,
would be equal to 1 XMIC of each of the antibiotics on their own
[40].

Using the xCU’s as measures of the concentrations of single and
pairs of drugs and a method similar to that used in Regoes ¢ al.
[27] (See Materials and Methods), it is possible to fit Hill functions
to the rate of bacterial killing during the exponential phase of kill.
In Figure 1, we illustrate the form of the Hill functions that would
be anticipated for single drugs (A or B) and qualitatively different
types of two drug interactions (A+B). In this idealized case, if (i) the
drugs are additive at each concentration, the rate of kill generated
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Figure 1. Anticipated single and two-drug Hill functions for
qualitatively different types of drug interactions. Hill functions
of single antibiotics (A or B) and combinations (A+B) representing
synergy, additivity and suppression are shown. The growth and death
rates used for these illustrations are in the range of those observed
experimentally.

doi:10.1371/journal.ppat.1003300.g001

by the two drugs together is identical to that of each of the drugs
alone; (ii) the drugs are suppressive, their combined rate of kill is less
than that of each of the single drugs alone, and (iii) the drugs are
synergistic, their combined rate of kill is greater than that for the
individual drugs. It should be noted that in this illustration, per our
assumption of Loewe additivity, the single drug Hill functions are
identical and the same as that for a purely additive drug combination.
In generating Figure 1, we assumed a directly proportional
relationship between antibiotic concentration and the rate of kill
engendered. In theory, more complex relationships between drug
concentration and rate of antibiotic-mediated killing can occur, and
as seen from the below experimental results, do obtain.

Multi-drug pharmacodynamics in practice

We performed time-kill experiments using single and two-drug
combinations to determine the relationship between the concen-
trations of these drugs and the rate of kill of the target bacteria
(Figures S1, S2, S3, S4). Ampicillin, ciprofloxacin, tobramycin and
tetracycline were used in the F. coli experiments and oxacillin,
vancomycin, ciprofloxacin and gentamicin in experiments with .
aureus. For both single and multiple drugs, we observed biphasic
cidal dynamics; an exponential decline in bacterial survival
followed by a leveling off period with minimal cidal activity.

We fit Hill functions to the concentration-dependent rate of kill
of bacteria during the exponential phase of killing in our
experiments, between 0 and 1 hour for F. coli and between 0
and 4 hours for S. awreus. We estimated the Hill function
parameters for each of the four single antibiotics and six pairs of
antibiotics used in the time-kill experiments with both bacteria. As
the equivalent of the pharmacodynamic, Hill function estimate of
the MIC for single drugs, we determined the analogous Hill
function estimate for pairs of drugs, which we call the realized
MIC, rMIC. We list our estimates of these parameters in Tables
S1 and S2.

In Figures 2 and 3, we show the PD functions for all two-drug
combinations together with the corresponding single-drug PDs for
the component antibiotics. For E. coli there was no detectable cidal
activity at antibiotic concentrations less than 0.1 xCU and we use
0.1xCU as the minimum concentration (Figure 2). Since we
observed cidal activity at lower drug concentrations for S. aureus (a
consequence of lower rMIC’s), we use 0.01 XxCU as the minimum
concentration (Figure 3).
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For E. coli, combining ampicillin with any drug yielded a greater
rate of kill than ampicillin alone at comparable concentrations.
The ampicillin+ciprofloxacin (Figure 2a) and ampicillin+tetracy-
cline (Figure 2b) combinations were generally intermediate in
efficacy between the component single antibiotics (a qualitative
result we designate as antagonism), while the ampicillin+tobra-
mycin combination (Figure 2e) exhibited synergy at most
concentrations. When used in combination, tetracycline dimin-
ished the cidal activity of the two most efficacious antibiotics,
ciprofloxacin and tobramycin. In combination with ciprofloxacin a
suppressive interaction prevailed (Figure 2c), while for the
tobramycin+tetracycline combination, the two drugs together
exhibited the same efficacy as tetracycline alone (Figure 2f). The
combination of tobramycin with ciprofloxacin exhibited synergis-
tic interactions at concentrations below approximately 5 xCU. At
greater concentrations than this, the single antibiotic tobramycin
was more effective than when used in combination (Figure 2d).

For . awreus, most antibiotic combinations were either
mtermediate in efficacy between the individual drugs or generated
cidal activity equivalent to that of the more effective of the
constituent drugs (Figures 3a,b,d,e). We observed suppressive
interactions at higher concentrations when vancomycin was
combined with either ciprofloxacin (Figure 3c) or oxacillin
(Figure 3f). Indeed, for the latter combination, the two individually
bactericidal drugs became bacteriostatic. It is also worth noting
that save for the representative beta-lactams, the maximal death
rates exhibited in the S. awreus experiments for all drugs/drug
pairings were substantially lower than those observed in the FE. coli
experiments.

Persistence

Hill functions provide good fits for the initial exponential phase
of time-kill curves but not for the second phase during which the
rate of killing declines and the viable cell population is dominated
by persisters. In an effort to examine how two-drug therapy affects
levels of persisters, we extended our analysis to the relationship
between single and two-drug treatment regimens and the density
of persisters present after exposure to the drugs. In Figures 4 and
5, we show persistence levels for drug combinations and the
component single antibiotics of each combination. The average
CFU’s and standard errors for ten independent replicate cultures
of 2.5x, 5x and 10xCU treatments sampled at 6 h for E. coli
(Figure 4) and 22 h for S. aureus (Figure 5) are shown.

For E. coli, similar densities of persisters were observed for
ciprofloxacin and ampicillin used individually as well as in
combination (Figure 4a). Tetracycline used on its own resulted
in the highest level of persistence among all the antibiotics studied.
When combined with ampicillin, the density of persisters observed
was similar to that generated by tetracycline alone. This result
occurred despite the observation that treating with the other
antibiotic in the combination, ampicillin, led to a lower level of
persistence compared to tetracycline (Figure 4b). Combining
ciprofloxacin and tetracycline, however, led to lower levels of
persistence than equivalent concentrations of tetracycline
(Figure 4c). Among all the antibiotics, tobramycin was the most
effective in reducing the level of persisters. We recovered persisters
only at 2.5xXCU in treatments with tobramycin. When combined
with ciprofloxacin, the combination was more effective than
ciprofloxacin used singly and just as effective as tobramycin alone
(Figure 4d). Combining tobramycin with ampicillin (Figure 4e) and
tetracycline (Figure 4{), on the other hand, decreased the efficacy
of tobramycin.

In the S. aureus experiments, gentamicin and ciprofloxacin used
singly resulted in lower levels of persistence than oxacillin and
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Figure 2. Hill functions for two-drug combinations and the constituent individual antibiotics (£. col). Each graph shows the Hill
functions for a drug combination and the constituent single drugs with drug concentrations normalized as multiples of Cidal Units (xCU). Error bars
represent the standard errors for the growth/death rate at each antibiotic concentration. (a) ampicillin (AMP), ciprofloxacin (CIP), and
ampicillin+ciprofloxacin (b) ampicillin, tetracycline (TET), and ampicillin+tetracycline (c) ciprofloxacin, tetracycline, and ciprofloxacin+tetracycline (d)
ciprofloxacin, tobramycin (TOB), and ciprofloxacin+tobramycin (e) tobramycin, ampicillin, and tobramycin+ampicillin (f) tobramycin, tetracycline, and

tobramycin+tetracycline.
doi:10.1371/journal.ppat.1003300.9002

vancomycin (Figures 5a.f). Strikingly, cultures exposed to the
presumptively cidal 2.5xCU of oxacillin had, by 22 hours, grown
to the same densities as antibiotic-free controls (Figure 5b). This
result can be attributed to a decline in the effective concentration
of this drug, rather than mutations to resistance [41]. However,
combinations of 1.25 xMIC of oxacillin with 1.25xMIC of any of
the other drugs exerted a cidal effect, and the cultures did not grow
(Figures 5b,d,f). When gentamicin was present in the drug pair, for
all combinations of two drugs the level of persistence was at least as
low as when gentamicin was used alone (Figures 5a,d,e).
Combinations involving ciprofloxacin generated densities of
persisters either equivalent to that generated by ciprofloxacin
alone (Figures 5a,b) or intermediate between those generated by
the individual antibiotics (Figure 5c).

Potential clinical implications

What are the implications of the preceding pharmacodynamic
results for the design and evaluation of antibiotic treatment
regimens and the emergence of antibiotic resistance? To begin to
address these questions we use a simple mathematical model of the
within-host pharmacokinetics, population and evolutionary dy-
namics of bacteria undergoing multi-drug therapy.

The model

The model used here is a variant of that used in [42]. It
considers two antibiotics with concentrations and designations, A
and B, and two subpopulations of bacteria; one that is actively
replicating and one that is not (the persisters), with densities and
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designations, S and P, respectively. Bacteria can be of one of four
different genotypic resistance profiles: they can be susceptible to
the action of both antibiotics, susceptible only to A or B and
resistant to the other, or resistant to both. Note though, that any
bacterium in a persister state exhibits a phenotypic refractoriness
to antibiotic action regardless of its genotypic resistance profile.

Persisters are generated from S cells in a stochastic manner
which we simulate via the following Monte Carlo procedure: the
maximal rate of persister production is set at f per cell per hr, and
if f£S*At is greater than the value of a rectangularly-distributed
random number between 0 and 1, then one individual is lost from
the S population and one gained by the P population. The step
size of an Euler simulation, At, is chosen so that the probability of
generating a persister is less than 1. The transition from persisters
back to growing cells is simulated in a similar fashion, with a
maximal rate of g per cell per hour, where g<f. Single- and two-
drug resistant bacteria are also generated via a similar Monte
Carlo procedure, with maximal rates of mutant production 4 and
lp, representing mutation rates to resistance for antibiotics A and
B respectively.

We represent the pharmacodynamics of both single and
combined antibiotic action (i.e. treating with Antibiotic A, B, or
both) with a Hill function, as per the preceding experimental
analyses. For pharmacokinetics, we assume regular antibiotic input
of Apax and B, pg/mL every 7 hours. The effective
concentration of these drugs decline at rates d4 and dp pg/mL
per hour. Net bacterial growth depends on the efficacy of
antibiotic cidal action as well as on the availability of a limiting
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Figure 3. Hill functions for two-drug combinations and the constituent individual antibiotics (S. aureus). Each graph shows the Hill
functions for a drug combination and the constituent single drugs with drug concentrations normalized as multiples of Cidal Units (xCU). Error bars
represent the standard errors for the growth/death rate at each antibiotic concentration. (a) ciprofloxacin (CIP), gentamicin (GEN), and
ciprofloxacin+gentamicin (b) ciprofloxacin, oxacillin (OXY), and ciprofloxacin+oxacillin (c) ciprofloxacin, vancomycin (VAN), and ciprofloxacin+vanco-

mycin (d) gentamicin, oxacillin, and gentamicin+oxacillin (e) gentamicin,

oxacillin+vancomycin.
doi:10.1371/journal.ppat.1003300.g003

resource of concentration R pig/mL. We assume a continuous flow
of this resource from a reservoir where it is maintained at a
concentration ¢ pg/mL. This resource enters the host at a rate w
per mL per hour, which is the same rate at which antibiotics,
bacteria, resources and wastes are washed out. The rate of
bacterial replication is a monotonically increasing function of R
with a half-saturation coeflicient of £,, pg/mL [43]. Conversion of
resources into bacterial cells occurs at a conversion efficiency of e
ug/cell. For the numerical analysis of the properties of this model,
computer simulations, we use Berkeley Madonna. Copies of the
program can be obtained from www.eclf.net/programs.

The standard values and/or ranges of the parameters and
variables considered in our numerical analysis of the properties of
this model are presented in Table 1. We note here that this simple
mathematical model is not intended as a quantitatively precise
analogue of a specific disease and treatment process but rather to
provide a schema for assessing the potential clinical implications of
our i wvitro pharmacodynamic results. Whenever possible, the
parameter values used are in the range of those estimated from the
experimental analyses. Parameters not specific to this study are
within the range of those used in other pharmacodynamic and
pharmacokinetic studies of antimicrobial therapy [27,42,44].

Single and multi-drug therapy and the contribution of
persistence levels

We open this consideration with sample simulations involving
single- (Figure 6a) and dual-drug therapy (Figure 6b) to explore the
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contributions of persistence to the term of therapy and the
emergence of resistance. Figure 6a shows that with single-drug
therapy, when mutants resistant to the treating drug are present
they ascend to high levels and generate concomitant levels of
resistant persisters. Since resistance to the second drug is generated
by mutation, the large numbers of bacteria resistant to the treating
drug can allow for the generation of a minority population of
bacteria resistant to both drugs. With two-drug therapy the
bacteria resistant to single drugs will be eradicated due to their
susceptibility to the other antibiotic (Figure 6b). Populations of
these single-drug resistant bacteria do not grow to high enough
densities to generate persister populations that can influence the
clearance dynamics.

We explore the combined roles of exponential-phase cidal
dynamics and persistence with a consideration of two extreme
cases: (i) a worst case scenario in which the two antibiotics interact
suppressively and also lead to a high level of persistence (Figure 6c¢)
and (ii) the best case scenario of synergistic antibiotics that lead to a
low level of persistence (Figure 6d). We differentiate between the
types of drug interaction by using different values for the maximal
death rate that drug combinations engender. To account for the
observation that different combinations of drugs generate different
levels of persistence, we modulate the persister generation and loss
parameters, f and g, such that increased efficacy for drug
combinations in terms of reducing the level of persistence leads
to lower values of these parameters. Values of the conversion
parameters are chosen such that densities of persisters are in the
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Figure 4. Density of persisters for two-drug combinations and the constituent individual antibiotics (£. coli). Viable cell densities of E.
coli following 6 hours of exposure to equivalent cidal concentrations of single drugs and two-drug combinations (mean and standard error for 10
independent cultures shown). (a) ampicillin (AMP), ciprofloxacin (CIP), and ampicillin+ciprofloxacin (b) ampicillin, tetracycline (TET), and
ampicillin+tetracycline (c) ciprofloxacin, tetracycline, and ciprofloxacin+tetracycline (d) ciprofloxacin, tobramycin (TOB), and ciprofloxacin+tobramycin
(e) tobramycin, ampicillin, and tobramycin+ampicillin (f) tobramycin, tetracycline, and tobramycin+tetracycline.

doi:10.1371/journal.ppat.1003300.g004

range of those we observed in our experimental results. To address
the fact that most infections are only treated when the number of
bacteria is sufficiently great to cause symptoms, and that resistance
can be acquired by mutation or horizontal gene/genetic element
transfer from the existing flora, in our simulations we assume that
at the onset of treatment there are already minority populations of
cells resistant to each antibiotic [45]. We also assume that there is
a minority population of persister cells present prior to the
initiation of therapy.

As can be seen by comparing Figures 6¢ and 6d, synergistic
interactions between antibiotics and a low level of persistence serve
to decrease the time to clearance of the infection. Evidenced by the
similarities in the decline slopes of the P populations in Figures 6¢
and 6d, it is worth noting that the rate of clearance of the persister
population with synergistic antibiotics is similar to that with
suppressive drugs. However, the synergistic antibiotics are able to
eradicate the persister population more rapidly by more efficiently
reducing the numbers of the sensitive population that replenishes
lost persister cells. Mutants simultaneously resistant to both drugs
do not arise because the number of cells in the populations
resistant to single drugs and their persisters remain too low to
generate doubly resistant mutants.

The contribution of a spatial refuge

The above situation, where the entire population is exposed to
the same level of the antibiotic is an idealized one that may be met
in flasks, but is unlikely in patients. For many infections, perhaps
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the majority, antibiotics will not have complete access to the
infecting population of bacteria. Some bacteria may be in
abscesses, empyema or embedded as non/slowly-dividing cells in
biofilms [46,47]. To account for this, we extend the model to allow
for another population of bacteria, B, which occupy a spatial
refuge and are thereby less responsive to the antibiotics than the
planktonic population. Bacteria in this subpopulation are gener-
ated deterministically from both S and P cells at a rate of f;, per
hour and return to the actively replicating population at a rate of g,
per hour. We assume that bacterial growth rate is decreased in the
refuge and that bacterial susceptibility to antibiotics is proportional
to their growth rate [48]. As such, the decrease in maximal growth
in the refuge population (.. is paralleled by an equivalent
quantitative increase in the MIC of antibiotics in that compart-
ment. Resources enter this refuge and the bacteria within are
washed out at rate w, per hour (w,<w). We show a schematic of
this two-compartment model in Figure 7. The complete set of
equations is available in Text S1.

We consider the role of the refuge with simulation runs using
the same parameters and initial conditions as in the single
compartment simulation, Figures 6¢ and 6d, but now allow
bacteria to migrate to a refuge at the same rates at which persisters
are formed. Contrary to the results shown in Figure 6, the
infections are not cleared, and susceptible bacteria in both the
refuge and the planktonic compartment oscillate around constant
densities (Figures 8a and 8b). This result obtains because for both
physiological (decreased replication rate) and spatial (reduced
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Figure 5. Density of persisters for two-drug combinations and the constituent individual antibiotics (S. aureus). Viable cell densities of
S. aureus following 22 hours of exposure to equivalent cidal concentrations of single drugs and two-drug combinations (mean and standard error for
10 independent cultures shown). (a) ciprofloxacin (CIP), gentamicin (GEN), and ciprofloxacin+gentamicin (b) ciprofloxacin, oxacillin (OXY), and
ciprofloxacin+oxacillin (c) ciprofloxacin, vancomycin (VAN), and ciprofloxacin+vancomycin (d) gentamicin, oxacillin, and gentamicin+oxacillin (e)
gentamicin, vancomycin, and gentamicin+vancomycin (f) oxacillin, vancomycin, and oxacillin+vancomycin.

doi:10.1371/journal.ppat.1003300.g005

antibiotic access) reasons, bacteria in the refuge are more
refractory to antibiotics than a more transient planktonic persister
subpopulation which continually reverts to a rapidly growing state.
It should be noted though, that the infections can be cleared by
either increasing antibiotic dose or decreasing the rate of
migration of cells into the refuge (Figure S5).

A comparison of Figures 8a and 8b shows an effect of the type of
interaction between antibiotics. The susceptible cells are main-
tained at a lower density when the drug interaction is synergistic
(Figure 8a) than when it is suppressive (Figure 8b). Also, while the
single-drug resistant mutants are eliminated under synergistic
interactions (Figure 8a), they are maintained when the interaction
is suppressive (Figure 8b). Under the latter conditions, the
population of susceptible cells is maintained at a high enough
density to continually generate single-drug resistant mutants.
However, since the single-drug resistant bacteria remain suscep-
tible to the activity of the other drug, we do not record any
instances of dual-drug resistance in these simulations regardless of
whether interactions are synergistic or suppressive.

Discussion

The rational design of multi-drug antibiotic therapy requires
information about the pharmacodynamics of the component drugs
individually and in combination as well as how those drugs will
affect the population and evolutionary dynamics of the target
bacteria. In this study, we wuse m witro pharmacodynamic
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experiments with . coli and S. aureus to explore the pharmaco-
dynamics of single and pairs of antibiotics of different classes.
Using mathematical models and computer simulations, we explore
how the observed pharmacodynamics will affect the microbiolog-
ical course of therapy and evolution of resistance. Here we briefly
summarize these theoretical and experimental results and discuss
their potential implications for multi-drug therapy.

Pharmacodynamics

We use Hill functions to characterize the relationship between
the concentrations of single and pairs of drugs and the rates of kill
of the target bacteria during the initial, exponential, phase of
exposure. The concentrations of both single and pairs of drugs are
expressed as single variables, multiples of cidal units. These cidal
units are, for single drugs, equivalent to multiples of Clinical and
Laboratory Standards Institute (CLSI) [49] estimates of their
MICs; for pairs of drugs, they are sums of equipotent concentra-
tions of the two drugs (equal multiples of their respective CLSI
MICs). This formulation allows a comparison of the cidal/
mhibitory activities of drugs in combination with those of their
component single drugs at equivalent concentrations. Using this
method we characterize and quantify the form of the interaction
between pairs of drugs, synergy, antagonism, suppression or
additivity.

Our experimental results illustrate the necessity of comprehen-
sive empirical PD assessments for drug combinations rather than
attempting to predict their interactions a priori or based on single
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interaction parameters. In experiments with FE. coli, drug
combinations exhibited concentration-dependent synergy, antag-
onism and suppression in ways that, for most combinations, could
not have been predicted from current understanding of the
mechanisms of drug action. For example, it is generally assumed
and seemingly reasonable to anticipate that when mixed with
drugs that are bacteriostatic, like chloramphenicol, antibiotics that
require cell division for their action, like the beta lactams, will not
be as effective in killing bacteria than when they are alone [50].
Unfortunately, the classification of antibiotics as bactericidal or
bacteriostatic is not as clear in practice as is often alluded to [51].
For example, in our . coli experiments, tetracycline, which is often
classified as bacteriostatic [26], was clearly bactericidal at higher
concentrations, more so than ampicillin, which is a member of the
presumptively bactericidal beta-lactam family of drugs. The
combination of tetracycline and ampicillin was more effective in
killing bacteria than ampicillin alone, albeit less so than
tetracycline on its own. On the other hand, combinations of
tetracycline with ciprofloxacin or tobramycin were less effective
than either of these drugs alone.

For S. aureus we only observed antagonistic and suppressive
interactions for all six pairs of drugs considered. With two
exceptions, the efficacy of the combinations of drugs was
intermediate between that of the most and least bactericidal. The
exceptions are noteworthy; vancomycin in combination with either
ciprofloxacin or oxacillin exhibited suppressive interactions. Most
dramatically, the combination of vancomycin and oxacillin had
virtually no bactericidal activity. This is a good illustration of the
point we made earlier, that based on the PD of these single drugs we
could not have predicted how they would interact in combination.

PLOS Pathogens | www.plospathogens.org

Table 1. Values and ranges for variables and parameters used for generating numerical solutions.

Variable/Parameter Description Value or range considered*

Variables

A B Antibiotic concentration (ug/mL) 0-10

Sx Density of planktonic bacteria sensitive to both antibiotics, x=0; resistant to A, x=RA; 1-10'°
resistant to B, x=RB; and resistant to A and B, x=RAB (cells per mL)

Px Density of persisters sensitive to both antibiotics, x=0; resistant to A, x=RA; resistant to B, 1-10'°
x=RB; and resistant to A and B, x=RAB (cells per mL)

R Concentration of the limiting resource (ug/mL) 0-1000

Parameters

17— Maximum hourly growth rate of replicating bacteria (1.5)

Y miny Maximum hourly death rate of antibiotic y, where y=A, B and AB (A+B) —-1-—15

MIC, Minimum Inhibitory Concentration of antibiotic y, where y=A, B and AB (A+B) (ug/mL) (1)

Ky Hill coefficient of antibiotic y, where y=A, B and AB (A+B) (1)

w Hourly washout rate 0.2)

f Hourly rate at which S is converted into P 10 20r10°°

g Hourly rate at which P is converted into S 102 or 10°°

C Reservoir resource concentration (ug/mL) (1000)

e Efficiency of resource conversion into cells (ug/cell) (5x1077)

Km Concentration of resource at half maximal growth (ug/mL) (0.25)

Amax Bmax Antibiotic concentration added at each dosing period (ug/mL) (5)

dp, dp Antibiotic decay rate (h™") (0.1)

T Time between doses (h) (12)

La, Ug Mutation rate (mutations per cell division) 1078

*Values in parentheses are the standard values used for numerical analysis of the model.

doi:10.1371/journal.ppat.1003300.t001

It is clear from single drug studies that the level of persistence
depends on the antibiotics and their concentrations [41]. While
the present experiments support this interpretation, they are also
consistent with the proposition that there is no way to predict how
two drugs will interact to determine the level of persistence. What
1s clear from our results is that the density of persisters with two-
drug combinations will be no greater than that of the single drugs
alone. For most combinations, the density of persisters was
intermediate between that of the two antibiotics or at a level
similar to that observed for the component drug that generated a
lower level of persistence. This suggests that the component
antibiotics determine the lower and upper limits for the density of
persisters when drugs are combined. Interestingly, there is limited
correlation between the pharmacodynamic efficacy of combina-
tions in the exponential, cidal, phase of the encounter between the
bacteria and drugs and the level of persistence. As suggested earlier
for the kill phase of the pharmacodynamics, the physiological and
molecular reasons for this are unclear.

Population and evolutionary dynamics and potential
implications for treatment

Our mathematical and computer simulation model of the
pharmaco-, population and evolutionary dynamics of bacteria
undergoing dual drug therapy illustrates how the interactions
between drugs affect the microbiological course of treatment. Drug
combinations that exhibit suppressive interactions in either the rate
of kill and/or level of persistence will require more time to clear an
infection than synergistic drugs. From the perspective of treatment,
persistence is a refuge from the cidal action of the antibiotics. If that
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Figure 6. Simulation of the population dynamics of actively replicating and persister bacteria under antibiotic treatment. Unless
otherwise noted, parameter values used for the simulations are the standard values in Table 1. (a) Clearance dynamics under single antibiotic
treatment, assuming low level persistence (Amax=0, Bmax=10, f=107>,g=10"%, Y/ pnina=0, Ymins = —5) (b) Clearance dynamics under dual antibiotic
treatment, assuming additive drug interactions and low level persistence (f=10">, g:1076, Ymina=—5, Uming=—5, Yminag= —5) (c) Clearance
dynamics under dual antibiotic treatment, assuming suppressive drug interactions and high level persistence (f=1072, g=10"3, Yina=—10,
Vming=—5, Wminag=—2) (d) Clearance dynamics under dual antibiotic treatment, assuming synergistic interactions and low level persistence

(F=107°, g=10"° Ymina= =10, Yming= =5, Yminag=—15).
doi:10.1371/journal.ppat.1003300.9g006

refuge is small, i.e. the persistence level is low, it will have little effect
on the rate of clearance. On the other hand, a high level of
persistence serves as a substantial refuge that continually re-seeds
the treated population and lengthens the term of therapy. Our
analysis suggests that in general, while persisters may retard the rate
at which bacteria are cleared, they are unlikely to prevent clearance.
This, however, should not be interpreted to suggest that persistence
cannot lead to treatment failure, since the magnitude of morbidity
and the probability of mortality increases with the term of the
infection. Lengthier treatment durations can also increase the
likelihood of patient non-adherence and thus increase the proba-
bility of exposure to sub-therapeutic concentrations of antibiotics.
Recent work by two of the authors (PJT] and BRL) suggests that
these sub-MIC concentrations can enrich bacterial populations for
existing persisters and also promote the generation of persisters and
thereby increase their density in treated populations [41]. Most
importantly, there is evidence from clinical studies that supports the
proposition that in addition to delaying clearance, persistence may
also lead to treatment failure [35,52-54].

In addition to subpopulations of bacteria that are physiologically
refractory because they are not growing or growing slowly, there
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are also subpopulations that, for spatial or other reasons, are less
accessible to antibiotics than the dominant population. In our
simulations we show that the presence of these refugia can prevent
clearance by treatment regimens that lead to clearance in their
absence. This has in fact been observed for chronic infections with
physically-structured subpopulations of bacteria, such as endocar-
ditis and osteomyelitis, and also for catheter and other foreign-
body associated infections [55]. As with persistence, our models
indicate that treatment with synergistic combinations of drugs can
improve the microbiological course of treatment, i.e. reduce the
densities of bacteria in chronic infections relative to suppressive
combinations.

A traditional reason for using multiple, rather than single,
antibiotics is to prevent the ascent of bacteria resistant to single
antibiotics. The results of our simulations support this interpre-
tation of the evolutionary utility of two-drug therapy. Although
in our simulations mutants resistant to single drugs were initially
present at low frequencies, these cells were either cleared or
remained minority populations. Further, with the parameters
employed, two-drug resistance never emerged. The reason for
the latter is that the populations of single-drug resistant bacteria
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Figure 7. Schematic diagram of the population and evolutionary dynamic model of two-drug therapy. S,, actively-growing bacteria; Py,
persisters; B,, bacteria in spatial refuge; x=0, sensitive to both antibiotics; x=RA, resistant to antibiotic A; x=RB, resistant to antibiotic B; x=RAB,
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A and B, internal concentration of antibiotics, d and dg, antibiotic decay rates; w, flow rate, main compartment; w, flow rate, spatial refuge.
doi:10.1371/journal.ppat.1003300.9g007

and their corresponding persister and refuge subpopulations
remained in check by the drug to which they were susceptible.
They did not grow to high enough numbers to generate multi-
drug resistance via mutation. This evolutionary benefit of two-
drug therapy obtained even when the drugs suppressed each
other’s activity. Indeed, there exists some experimental evidence
to suggest that antagonistic and suppressive drug combinations
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may be even more efficient than synergistic combinations in
preventing evolution of multi-drug resistance [28]. When
interactions are synergistic, evolution of resistance to one of
the drugs aborts the enhancing effect of the other, whereas with
antagonistic interactions single-drug resistance removes the
suppressive effect on the drug to which those mutants are
susceptible [28,56].
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Figure 8. Simulation of the population dynamics of actively replicating and spatial refuge bacteria under antibiotic treatment.
Unless otherwise noted, parameter values used for the simulations are the standard values in Table 1. For subpopulations in the spatial refuge,
Wmaxt = 0.5, W, =0.05, f,=10°, g, =10"°, MIC, =3, MICg=3, MIC,5 = 3. (a) Clearance dynamics under dual antibiotic treatment, assuming synergistic
drug interactions (¥ mina=—10, Yming= —5, Wminas=—15) (b) Clearance dynamics under dual antibiotic treatment, assuming suppressive drug
interactions (¥ mina=—10, Y ming=—5, Uminag= —2).

doi:10.1371/journal.ppat.1003300.9g008
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Of note though; while in the absence of refugia two-drug
therapy can lead to the clearance of minority populations of single-
drug resistant bacteria, this need not be the case when there are
refugia. As a consequence of these refugia, the number of bacteria
sensitive to both antibiotics can remain sufficiently large to
continually seed the population with mutants resistant to single
drugs. Whether or not this will occur depends on the nature of the
two-drug interactions. Suppressive drugs, because they lead to
greater densities of susceptible cells, are more likely to allow for the
continuous repopulation of single-drug resistance by mutation.

Caveats and limitations

At best, i vitro pharmaco- and population dynamics experiments
and mathematical modeling and simulation studies of the sort
presented here can only provide a rational and necessarily
quantitative base for the design of antibiotic treatment protocols.
The within-host model we use here, for instance, does not explicitly
consider the contribution of the innate or adaptive immune systems
to clearance. Ultimately the evaluation of these protocols has to be
made in treated animals where the immune system contributes to
the clearance of the infection and, alas, the pathology [57].

The approach we have used in both the experimental and
modeling elements of this study have been phenomenological, they
do not incorporate or address the physiology and molecular
mechanisms of action of single antibiotics or interactions between
antibiotics in inhibiting the growth and killing their target bacteria.
We justify this approach in two ways: First from the practical
perspective of antibiotic treatment, the phenomenology considered,
the relationship between the concentrations of single and multiple
antibiotics in inhibiting the growth and killing the bacteria is more
important than an understanding of the mechanisms responsible.
Second, despite all that is known about the targets of antibiotic
action and how they are related to the molecular structure of these
compounds, we still know relatively little about how antibiotics
inhibit the growth of and kill bacteria, see for example [58].
Similarly, in our consideration of persisters we assume that these
bacteria are generated stochastically, and do not explicitly account
for deterministic mechanisms such as stress responses [59,60] that
can also contribute to persister generation. This approach has the
virtue of simplifying the model while still maintaining its quantita-
tive integrity, since the levels of persisters generated in the
simulations are equivalent to those observed experimentally.

For convenience and tractability, in our model we treated
susceptibility and resistance as discrete states with different
pharmacodynamic properties. In reality bacterial susceptibility
and resistance to antibiotics is a continuum that depends not only on
the specific target of the drug, but also the rates at which cells take
up and remove these compounds, e.g. via efflux pumps. In some
cases, single mutations in regulatory loci or efflux systems can
simultaneously reduce the susceptibility of bacteria to multiple
antibiotics [61,62]. Multi-drug resistance may also be acquired in a
single step by the horizontal transfer of genes or accessory genetic
elements from the resident flora [63,64]. Another noteworthy
caveat is that for some infections, bacterial population sizes may well
exceed the numbers we have considered here, thereby increasing
the likelihood that mutants resistant to two antibiotics will be
generated. As intriguing as they may be, a formal consideration of
these realities is beyond the scope of this study.

Materials and Methods

Bacterial strains and growth/sampling media
Experiments involving FE. coli were conducted using strain
018:K1:H7 (designated CABI) that was originally isolated from a
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child with meningitis and supplied by Craig A. Bloch [65]. This strain
has been used in previous studies of the within-host pharmacody-
namics of antibiotic and phage treatment [27,44,66]. The experi-
ments involving Staphylococcus aureus were conducted using strain
Newman which was isolated from a patient with osteomyelitis and
generously provided by Dr. William Shafer. Bacteria were grown in
10 mL of Lysogeny Broth (LB) (E. col) or Mueller-Hinton II (MHII)
broth (S. aureus) in 50-mL Pyrex flasks at 37°C with aeration and
shaking (200 rpm). Viable cell densities in bacterial cultures were
determined by plating dilutions (made in 0.85% saline) on LB Agar.

Antibiotics

For experiments involving £. coli, 10 pg/mL stock solutions of
ciprofloxacin, ampicillin, tobramycin and tetracycline were diluted
in fresh LB to appropriate concentrations for each experiment.
Antibiotic stocks used in the S. aureus experiments were prepared to
a final concentration of 10 pug/ml for ciprofloxacin, gentamicin
and oxacillin while vancomycin was prepared to a final stock
concentration of 15 pg/ml. Dilutions of requisite antibiotics were
made fresh in MHII broth to the appropriate concentrations for
each experiment. All antibiotics were procured from Mediatech,
Inc. (Herndon, Va.) and Sigma-Aldrich (St. Louis, Mo.).

MIC determination

Minimum Inhibitory Concentrations (MIC) for E. coli CABI
and S. aureus Newman were estimated using the broth microdilu-
tion procedure recommended by the Clinical and Laboratory
Standards Institute (CLSI) [49].

Antibiotic time-kill experiments

Opvernight cultures of E. coli CAB1 were diluted 1:2000 into fresh
LB to initiate exponential growth, and were allowed to grow to a
final density of approximately 1 x107 cells per mL before antibiotics
at desired concentrations were added. For single drug experiments,
0,0.2x,0.5%, 1x,2.5x%, 5x and 10 multiples of MIC (xMIC) were
added to each culture, and for dual drug time kill experiments, pairs
of antibiotics were combined to generate solutions that contained 0,
0.2x, 0.5x%, 1x, 2.5%, 5x and 10xMIC of each antibiotic. The
cultures were sampled to estimate viable cell densities every 10 min
for the first 1 h, every 30 min for the next 2 h, and at 6 h.
Overnight S. auwreus Newman cultures were diluted to a final
concentration of ~1x107 bacteria per ml in fresh MHII media and
incubated for 1 hour at 37°C shaking at 200 rpm to ensure entry
into the exponential growth phase. Cultures were then inoculated
with 0, 0.1x%, 0.5%, 1%, 2.5%, 5% and 10 xMIC of each antibiotic
individually and then in pairs of equal concentrations for the dual
treatment. Viable cell densities were estimated every 10 minutes for
the first hour and then every 30 minutes for the next 5 hours.

Level of persistence experiments

In order to assess the level of persistence, we conducted late-
term time kill experiments using 10 independent replicate cultures
for each drug and drug pairing. Experiments were initiated as
described in the aforementioned time-kill assays, but sampling was
done at a single time point - 6 h for E. coli and 22 h for S. aureus.
Sampling at these time points has been previously shown to
provide good estimates for persisters in a culture [41,67]. We also
confirmed that, with the protocol used, there were no drug
carryover effects on plating efficiency.

Pharmacodynamic functions

As in Regoes et al. [27], we use a four-parameter Hill function-
based pharmacodynamic function (Equation 1) to characterize the
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exponential phase death rate engendered by the antibiotic(s) singly
and in pairs,

A K
(lﬁmax - lpmin) * (m)

-G
MIC) ™ Yy
where ¥/,,,, is the maximum bacterial growth rate in the absence of
antibiotics, V,,;, is the maximum death rate generated by the
antibiotic, k describes the sigmoidicity of the Hill function, the MIC'is
the pharmacodynamic minimum inhibitory antibiotic concentration,
and 4 is the antibiotic concentration. In this study, the concentrations
of single antibiotics are presented as multiples of the MICs as
estimated by standard CLSI serial dilution procedures. For pairs of
drugs, A is equal to the sum of equal multiples of the component
single drug CLSI estimated MICs. For both single and two drugs, we
use exponential phase time kill data for different multiples of the
CLSI MICs and the procedure in [27] to generate Hill functions and
estimate their parameters. Thus for each single drug, we have two
estimates of MIC, that obtained by serial dilution and the realized
MIC (rMIC) estimated from the Hill function. For pairs of drugs we
only have single estimate of the minimum inhibitory concentration,
that obtained by fitting the Hill function, rMICs.

For single drugs and for drug pairs, net bacterial growth rates
under antibiotic action are described by the following respective
equations:

H(A)= (1)

l//(Ai):l//max_Hi(Ai) (2)

(A1, Aj) =Vrmax — Hij(Ai + 4)) (3)

Supporting Information

Figure S1 Time-kill curves of E. coli CAB1 exposed to
single antibiotics. Changes in viable cell density for cultures
treated with varying concentrations (0.2xCU, 0.5xCU, 1xCU,
2xCU, 5xCU and 10xCU). Each multiple of cidal unit (xCU) is
equivalent to the corresponding multiple of MIC (xMIC). (a)
ampicillin (b) ciprofloxacin (c) tetracycline (d) tobramycin.

(TIF)

Figure S2 Time-kill curves of E. coli CAB1 exposed to
pairs of antibiotics. Changes in viable cell density for cultures
treated with varying concentrations (0.4xCU, 1xCU, 2xCU,
5xCU, 10xCU and 20 xCU) of each antibiotic pair. Each multiple
of cidal unit (xCU) is equivalent to the sum of equal multiples of MIC
(xMIC) of each drug, e.g. 1 xCU is the combination of 0.5 xMIC of
each antibiotic. (a) ampicillin+ciprofloxacin (b) ampicillin+tetracy-
cline (c) ciprofloxacin+tetracycline (d) ciprofloxacin+tobramycin (e)
ampicillin+tobramycin (f) tetracycline+tobramycin.

(TIF)
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Figure S3 Time-kill curves of S. aureus Newman
exposed to single antibiotics. Changes in viable cell density
for cultures treated with varying concentrations (0.1xCU,
0.5xCU, 1xCU, 2xCU, 5xCU and 10xCU) of each antibiotic.
Each multiple of cidal unit (xCU) is equivalent to the
corresponding multiple of MIC (xMIC). (a) ciprofloxacin (b)
gentamicin (c) oxacillin (d) vancomycin.

(TTF)

Figure S4 Time-kill curves of §. aureus Newman
exposed to pairs of antibiotics. Changes in viable cell density
for cultures treated with varying concentrations (0.2xCU, 1xCU,
2xCU, 5xCU, 10xCU and 20xCU) of each antibiotic pair. Each
multiple of cidal unit (xCU) is equivalent to the sum of equal multiples
of MIC (xMIC) of each drug, e.g. 1xCU is the combination of
0.5xMIC of each antibiotic. (a) gentamicin+ciprofloxacin (b)
ciprofloxacin+oxacillin (c) ciprofloxacin+vancomycin (d) gentamici-
n+oxacillin (¢) gentamicin+vancomycin (f) oxacillin+vancomycin.

(TIF)

Figure S5 Effects of increasing dose and decreasing
rates of migration into spatial refuge on clearance
dynamics. Unless otherwise noted, parameter values are the
same as those used for corresponding simulations shown in
Figure 5. (a) Clearance dynamics with a higher dose of antibiotics,
assuming synergistic interactions (Amax =10, Bmax=10) (b)
Clearance dynamics with a higher dose of antibiotics, assuming
suppressive interactions (A, =10, B,.=10 (c) Clearance
dynamics with a lower rate of migration of cells into the spatial
refuge assuming synergistic interactions (f,=10"°, g,=10"7) (d)
Clearance dynamics with a lower rate of migration of cells into the
spatial refuge assuming suppressive interactions (f,=10""°,
@=107)

(TIF)

Table S1 Pharmacodynamic function parameter estimates and
standard errors for F. coli experiments.

(DOC)

Table 82 Pharmacodynamic function parameter estimates and
standard errors for S. aureus experiments.

DOC)

Text S1 Differential equations used for simulation of the two-
compartment mathematical model.

(DOCX)

Acknowledgments

We are grateful to Nina Walker for extraordinary technical support and to
Amy Kirby, Rustom Antia and Josh Shak for useful suggestions.

Author Contributions

Conceived and designed the experiments: PA PJ'T] BRL. Performed the
experiments: PA PJT]. Analyzed the data: PA PJT] BRL. Contributed
reagents/materials/analysis tools: PA PJT] BRL. Wrote the paper: PA
PJTJ BRL.

4. Baddour LM, Wilson WR, Bayer AS, Fowler VG, Jr., Bolger AF, et al. (2005)
Infective endocarditis: diagnosis, antimicrobial therapy, and management of
complications: a statement for healthcare professionals from the Committee on
Rheumatic Fever, Endocarditis, and Kawasaki Disease, Council on Cardiovas-
cular Disease in the Young, and the Councils on Clinical Cardiology, Stroke,
and Cardiovascular Surgery and Anesthesia, American Heart Association:
endorsed by the Infectious Diseases Society of America. Circulation 111: e394—
434.

April 2013 | Volume 9 | Issue 4 | e1003300



21.

22.

24.

26.

27.

. Barberan J, Aguilar L, Gimenez MJ, Carroquino G, Granizo JJ, et al. (2008)

Levofloxacin plus rifampicin conservative treatment of 25 early staphylococcal
infections of osteosynthetic devices for rigid internal fixation. International
journal of antimicrobial agents 32: 154-157.

. Micek ST, Welch EC, Khan J, Pervez M, Doherty JA, et al. (2010) Empiric

combination antibiotic therapy is associated with improved outcome against
sepsis due to Gram-negative bacteria: a retrospective analysis. Antimicrobial
agents and chemotherapy 54: 1742-1748.

. den Hollander JG, Horrevorts AM, van Goor ML, Verbrugh HA, Mouton JW

(1997) Synergism between tobramycin and ceftazidime against a resistant
Pseudomonas aeruginosa strain, tested in an in vitro pharmacokinetic model.
Antimicrobial agents and chemotherapy 41: 95-100.

. Cappelletty DM, Kang SL, Palmer SM, Rybak MJ (1995) Pharmacodynamics of

ceftazidime administered as continuous infusion or intermittent bolus alone and
in combination with single daily-dose amikacin against Pseudomonas acruginosa
in an in vitro infection model. Antimicrobial agents and chemotherapy 39:
1797-1801.

. Kang SL, Rybak MJ, McGrath BJ, Kaatz GW, Seo SM (1994) Pharmacody-

namics of levofloxacin, ofloxacin, and ciprofloxacin, alone and in combination
with rifampin, against methicillin-susceptible and -resistant Staphylococcus
aureus in an in vitro infection model. Antimicrobial agents and chemotherapy

38: 2702-2709.

. Kang SL, Rybak M]J (1995) Comparative in vitro activities of LY191145, a new

glycopeptide, and vancomycin against Staphylococcus aureus and Staphylococ-
cus-infected fibrin clots. Antimicrobial agents and chemotherapy 39: 2832-2834.

. Johnson DE, Thompson B (1986) Efficacy of Single-Agent Therapy with

Azlocillin, Ticarcillin, and Amikacin and Beta-Lactam Amikacin Combinations
for Treatment of Pseudomonas-Aeruginosa Bacteremia in Granulocytopenic
Rats. American Journal of Medicine 80: 53-58.

. Johnson DE, Thompson B, Calia FM (1985) Comparative activities of

piperacillin, ceftazidime, and amikacin, alone and in all possible combinations,
against experimental Pseudomonas aeruginosa infections in neutropenic rats.
Antimicrobial agents and chemotherapy 28: 735-739.

. Michalsen H, Bergan T (1981) Azlocillin with and without an Aminoglycoside

against Respiratory-Tract Infections in Children with Cystic-Fibrosis. Scandi-
navian Journal of Infectious Diseases: 92-97.

. Mclaughlin EJ, Matthews W], Strieder DJ, Sullivan B, Taneja A, et al. (1983)

Clinical and Bacteriological Responses to 3 Antibiotic Regimens for Acute
Exacerbations of Cystic-Fibrosis - Ticarcillin-Tobramycin, Azlocillin-Tobramy-
cin, and Azlocillin-Placebo. Journal of Infectious Diseases 147: 559-567.

. Anderson ET, Young LS, Hewitt WL (1978) Antimicrobial Synergism in

Therapy of Gram-Negative Rod Bacteremia. Chemotherapy 24: 45-54.

. Dejongh CA, Joshi JH, Newman KA, Moody MR, Wharton R, et al. (1986)

Antibiotic Synergism and Response in Gram-Negative Bacteremia in Granu-
locytopenic Cancer-Patients. American Journal of Medicine 80: 96-100.

. Klasters,J, Cappel R, Daneau D (1972) Clinical Significance of in-Vitro

Synergism between Antibiotics in Gram-Negative Infections. Antimicrobial
agents and chemotherapy 2: 470-5.

. Klastersky J, Meuniercarpentier F, Prevost JM, Staquet M (1976) Synergism

between Amikacin and Cefazolin against Klebsiella - Invitro Studies and Effect
on Bactericidal Activity of Serum. Journal of Infectious Diseases 134: 271-276.

. Klastersky J, Hensgens C, Meuniercarpentier I (1976) Comparative Effective-

ness of Combinations of Amikacin with Penicillin-G and Amikacin with
Carbenicillin in Gram-Negative Septicemia - Double-Blind Clinical-Trial.
Journal of Infectious Diseases 134: S433-S440.

. Lau WK, Young LS, Black RE, Winston DJ, Linne SR, et al. (1977)

Comparative Efficacy and Toxicity of Amikacin-Carbenicillin Versus Gentami-
cin-Carbenicillin in Leukopenic Patients - Randomized Prospective Trail.
American Journal of Medicine 62: 959-966.

Jawetz E, Gunnison JB, Speck RS, Coleman VR (1951) Studies on antibiotic
synergism and antagonism; the interference of chloramphenicol with the action
of penicillin. AMA archives of internal medicine 87: 349-359.

Lepper MH, Dowling HF (1951) Treatment of pneumococcic meningitis with
penicillin  compared with penicillin plus aureomycin; studies including
observations on an apparent antagonism between penicillin and aureomycin.
AMA archives of internal medicine 88: 489-494.

. Johansen HK, Jensen TG, Dessau RB, Lundgren B, Frimodt-Moller N (2000)

Antagonism between penicillin and erythromycin against Streptococcus
pneumoniae in vitro and in vivo. The Journal of antimicrobial chemotherapy
46: 973-980.

Dellit TH, Owens RC, McGowan JE, Jr., Gerding DN, Weinstein RA, et al.
(2007) Infectious Diseases Society of America and the Society for Healthcare
Epidemiology of America guidelines for developing an institutional program to
enhance antimicrobial stewardship. Clinical infectious diseases : an official
publication of the Infectious Diseases Society of America 44: 159-177.

. Hall MJ, Middleton RF, Westmacott D (1983) The fractional inhibitory

concentration (FIC) index as a measure of synergy. The Journal of antimicrobial
chemotherapy 11: 427-433.

Lorian V (1996) Antibiotics in laboratory medicine. Baltimore: Williams &
Wilkins. xvi, 1238 p. p.

Regoes RR, Wiuff C, Zappala RM, Garner KN, Baquero F, et al. (2004)
Pharmacodynamic functions: a multiparameter approach to the design of
antibiotic treatment regimens. Antimicrobial agents and chemotherapy 48:
3670-3676.

PLOS Pathogens | www.plospathogens.org

28.

30.

31.

32.

33.

34.

39.

40.

41.

42.

43.

44.

46.

47.

48.

52.

53.

54.

58.

59.

Multi-drug Pharmaco- and Population Dynamics

Hegreness M, Shoresh N, Damian D, Hartl D, Kishony R (2008) Accelerated
evolution of resistance in multidrug environments. Proceedings of the National

Academy of Sciences of the United States of America 105: 13977-13981.

. Meletiadis J, Stergiopoulou T, O’Shaughnessy EM, Peter J, Walsh TJ (2007)

Concentration-dependent synergy and antagonism within a triple antifungal
drug combination against Aspergillus species: analysis by a new response surface
model. Antimicrob Agents Chemother 51: 2053-2064.

Berenbaum MC, Yu VL, Felegie TP (1983) Synergy with double and triple
antibiotic combinations compared. J Antimicrob Chemother 12: 555-563.
Ankomah P, Levin BR (2012) Two-drug antimicrobial chemotherapy: a
mathematical model and experiments with Mycobacterium marinum. PLoS
pathogens 8: ¢1002487.

Lim TP, Ledesma KR, Chang KT, Hou JG, Kwa AL, et al. (2008) Quantitative
assessment of combination antimicrobial therapy against multidrug-resistant
Acinetobacter baumannii. Antimicrobial agents and chemotherapy 52: 2898
2904.

Yeh P, Tschumi Al, Kishony R (2006) Functional classification of drugs by
properties of their pairwise interactions. Nature genetics 38: 489-494.

Wood K, Nishida S, Sontag ED, Cluzel P (2012) Mechanism-independent
method for predicting response to multidrug combinations in bacteria.
Proceedings of the National Academy of Sciences of the United States of
America 109: 12254-12259.

5. Lewis K (2010) Persister cells. Annual review of microbiology 64: 357-372.
. Bigger JW (1944) Treatment of staphylococcal infections with penicillin - By

intermittent sterilisation. Lancet 2: 497-500.

. Hofsteenge N, van Nimwegen E, Silander OK (2013) Quantitative analysis of

persister fractions suggests different mechanisms of formation among environ-
mental isolates of E. coli. BMC Microbiol 13: 25.

. Allison KR, Brynildsen MP, Collins JJ (2011) Metabolite-enabled eradication of

bacterial persisters by aminoglycosides. Nature 473: 216-220.

Loewe S, Muischnek H (1926) Combinated effects I Announcement -
Implements to the problem. Naunyn-Schmiedebergs Archiv Fur Experimentelle
Pathologic Und Pharmakologic 114: 313-326.

Yeh PJ, Hegreness MJ, Aiden AP, Kishony R (2009) Drug interactions and the
evolution of antibiotic resistance. Nature reviews Microbiology 7: 460-466.
Johnson PJ, Levin BR (2013) Pharmacodynamics, Population Dynamics, and the
Evolution of Persistence in Staphylococcus aureus. PLoS Genet 9: e1003123.
Levin BR, Udekwu KI (2010) Population dynamics of antibiotic treatment: a
mathematical model and hypotheses for time-kill and continuous-culture
experiments. Antimicrobial agents and chemotherapy 54: 3414-3426.

Monod J (1949) The Growth of Bacterial Cultures. Annual Review of
Microbiology 3: 371-394.

Wiuff C, Zappala RM, Regoes RR, Garner KN, Baquero F, et al. (2005)
Phenotypic tolerance: antibiotic enrichment of noninherited resistance in
bacterial populations. Antimicrobial agents and chemotherapy 49: 1483-1494.

. Drlica K (2003) The mutant selection window and antimicrobial resistance.

J Antimicrob Chemother 52: 11-17.

Davies D (2003) Understanding biofilm resistance to antibacterial agents. Nat
Rev Drug Discov 2: 114-122.

Wagner C, Sauermann R, Joukhadar C (2006) Principles of antibiotic
penetration into abscess fluid. Pharmacology 78: 1-10.

Brown MR, Allison DG, Gilbert P (1988) Resistance of bacterial biofilms to
antibiotics: a growth-rate related effect? The Journal of antimicrobial
chemotherapy 22: 777-780.

. CLSI (2005) Performance Standards for Antimicrobial Susceptibility Testing.

Fifteenth Informational Supplement Clinical and Laboratory Standards
Institute.

. Jawetz E, Gunnison JB (1952) Studies on Antibiotic Synergism and Antagonism

- a Scheme of Combined Antibiotic Action. Antibiotics and Chemotherapy 2:
243-248.

. Pankey GA, Sabath LD (2004) Clinical relevance of bacteriostatic versus

bactericidal mechanisms of action in the treatment of Gram-positive bacterial
infections. Clin Infect Dis 38: 864-870.

Mulcahy LR, Burns JL, Lory S, Lewis K (2010) Emergence of Pseudomonas
aeruginosa strains producing high levels of persister cells in patients with cystic
fibrosis. Journal of bacteriology 192: 6191-6199.

Lafleur MD, Qi Q, Lewis K (2010) Patients with long-term oral carriage harbor
high-persister mutants of Candida albicans. Antimicrobial agents and chemo-
therapy 54: 39-44.

Chao MC, Rubin EJ (2010) Letting Sleeping dos Lie: Does Dormancy Play a
Role in Tuberculosis? Annual Review of Microbiology, Vol 64, 2010 64: 293~
311.

. Costerton JW, Stewart PS, Greenberg EP (1999) Bacterial biofilms: A common

cause of persistent infections. Science 284: 1318-1322.

. Chait R, Craney A, Kishony R (2007) Antibiotic interactions that select against

resistance. Nature 446: 668-671.

. Margolis E, Levin BR (2008) Evolution of Bacterial-Host Interactions: Virulence

and the Immune Overresponse. Evolutionary Biology of Bacterial and Fungal
Pathogens: 3-12.

Kohanski MA, Dwyer DJ, Hayete B, Lawrence CA, Collins JJ (2007) A common
mechanism of cellular death induced by bactericidal antibiotics. Cell 130: 797—
810.

Wu Y, Vulic M, Keren I, Lewis K (2012) Role of oxidative stress in persister
tolerance. Antimicrob Agents Chemother 56: 4922-4926.

April 2013 | Volume 9 | Issue 4 | €1003300



60.

61.

62.

63.

Vega NM, Allison KR, Khalil AS, Collins JJ (2012) Signaling-mediated bacterial
persister formation. Nat Chem Biol 8: 431-433.

Howden BP, McEvoy CR, Allen DL, Chua K, Gao W, et al. (2011) Evolution of

multidrug resistance during Staphylococcus aureus infection involves mutation
of the essential two component regulator WalKR. PLoS Pathog 7: €¢1002359.
Ziha-Zarifi 1, Llanes C, Kohler T, Pechere JC, Plesiat P (1999) In vivo
emergence of multidrug-resistant mutants of Pseudomonas aeruginosa overex-
pressing the active efflux system MexA-MexB-OprM. Antimicrob Agents
Chemother 43: 287-291.

Martinez JL, Baquero F (2002) Interactions among strategies associated with
bacterial infection: Pathogenicity, epidemicity, and antibiotic resistance. Clinical
Microbiology Reviews 15: 647-679.

PLOS Pathogens | www.plospathogens.org

14

64.

66.

67.

Multi-drug Pharmaco- and Population Dynamics

Martinez-Suarez JV, Martinez JL, Lopez de Goicoechea MJ, Perez-Diaz JC,
Baquero F, et al. (1987) Acquisition of antibiotic resistance plasmids in vivo by
extraintestinal Salmonella spp. J Antimicrob Chemother 20: 452-453.

. Bloch CA, Thorne GM, Ausubel FM (1989) General method for site-directed

mutagenesis in Escherichia coli O18ac:K1:H7: deletion of the inducible
superoxide dismutase gene, sodA, does not diminish bacteremia in neonatal
rats. Infection and immunity 57: 2141-2148.

Bull JJ, Levin BR, DeRouin T, Walker N, Bloch CA (2002) Dynamics of success
and failure in phage and antibiotic therapy in experimental infections. BMC
microbiology 2: 35.

Dorr T, Vulic M, Lewis K (2010) Ciprofloxacin causes persister formation by
inducing the TisB toxin in Escherichia coli. PLoS biology 8: ¢1000317.

April 2013 | Volume 9 | Issue 4 | €1003300



